Abstract The tetratricopeptide repeat (TPR) motif is one of many repeat motifs that form structural domains in proteins that can act as interaction scaffolds in the formation of multi-protein complexes involved in numerous cellular processes such as transcription, the cell cycle, protein translocation, protein degradation and host defence against invading pathogens. The crystal structures of many TPR domain-containing proteins have been determined, showing TPR motifs as two anti-parallel α-helices packed in tandem arrays to form a structure with an amphipathic groove which can bind a target peptide. This is however not the only mode of target recognition by TPR domains, with short amino acid insertions and alternative TPR motif conformations also shown to contribute to protein interactions, highlighting diversity in TPR domains and the versatility of this structure in mediating biological events.
Introduction
Numerous biological functions can only occur with the participation of a repeat protein, a molecule that is defined by possessing duplications of a basic sequence motif usually involved in the formation of a structural element of the protein (Andrade et al. 2001; Main et al. 2005) . CDC23, CDC16, CDC27 and SSN6, all found in Saccharomyces cerevisiae, share sequence similarity with nuc2+ from Schizosaccharomyces pombe and are involved in the cell division cycle or RNA synthesis (Hirano et al. 1990; Sikorski et al. 1990; Tzamarias and Struhl 1995) . Each of these proteins was found to possess a duplicated, degenerate 34 amino acid sequence termed the tetratricopeptide repeat (TPR) motif. The number of observed TPR units in proteins ranges from 3 to 16, and these are generally arranged as tandem arrays. Characterisation of a TPR-containing truncated form of nuc2+ suggested the assembled TPR domain functioned as a protein interaction module following the formation of large protein aggregates and potentially facilitated the assembly of multiprotein complexes (Hirano et al. 1990 ). Secondary structure predictions suggested each motif was divided into two anti-parallel α-helical sub-domains (A and B) of equivalent length. This was confirmed by crystallisation of the N-terminal TPR domain in protein phosphatase 5 (PP5) (Das et al. 1998) . This structure showed the parallel packing of adjacent TPR motifs, which formed a regular series of anti-parallel α-helices reminiscent of 14-3-3 proteins, and generated a right-handed helical conformation that created a channel able to accommodate a polypeptide from another protein (Liu et al. 1995; Xiao et al. 1995) . The discovery and characterisation of additional TPR-containing proteins from bacteria to humans has expanded the functional palette of TPR domains, such that they participate in diverse processes such as transcriptional control, mitochondrial and peroxisomal protein transport, protein kinase inhibition, NADPH oxidase activity, protein folding, immunity and viral replication (Goebl and Yanagida 1991; Lamb et al. 1995; Ponting 1996; Callahan et al. 1998; Cziepluch et al. 1998; Mamane et al. 2000) .
The TPR motif is only one example of many repeat interaction motifs, which differ not only in sequence length but also in overall structure (Andrade et al. 2001; Main et al. 2005) . β-Catenin possesses the armadillo repeat, which is~42 residues long and consists of three α-helices arranged in a triangular bundle (Huber et al. 1997) . Tandem armadillo units pack together to form a righthanded superhelix that creates a surface for proteinprotein interactions, similar to TPR domains. The ankyrin repeat motif, found in inhibitors of cyclin-dependent kinase 4 (INK4) proteins, is 33 residues long, with each repeat folding into two anti-parallel α-helices followed by a loop, and consecutive repeats stack together to form an L-shaped domain with neighbouring loops forming a hairpin-like β-sheet (Li et al. 2006) . HEAT motifs are also comprised of anti-parallel α-helices stacked in consecutive arrays and vary between 37 and 43 residues. Despite these differences, the common underlying feature of these repeats is that they mediate protein-protein interactions.
Recently resolved crystal structures of several TPR proteins have confirmed the general folding pattern observed for the tandem TPR motifs of PP5 and have revealed variations in structure, as well as adaptations, that provide TPR-containing proteins with alternative modes of interaction with different binding partners (Gregory and Michael 1999; D'Andrea and Regan 2003) . In this review, we will focus on three groups of TPR proteins that incorporate TPR domains within unique structural arrangements to allow functional interactions with specific protein targets. Cyclophilin 40 (CyP40), FK506-binding protein 51 (FKBP51) and FKBP52, which belong to the family of immunophilin cochaperones, are found in steroid receptor complexes with heat shock protein 90 (Hsp90) and use a tandem array of three TPR units to bind the C-terminal EEVD peptide motif in Hsp90. p67 phox , a cytosolic factor involved in NADPH oxidase activation, utilises a four-unit TPR domain to bind Rac.GTP. PEX5, a receptor for peroxisome-targeted proteins, contains seven TPR units and binds to the SKL peptide, the type 1 peroxisomal targeting signal. Figure 1 shows the domain architecture of the immunophilin and other TPR cochaperones with an established role in heat shock protein 70 (Hsp70) and/or Hsp90 chaperone function, together with the organisation of the p67 phox and PEX5 TPR proteins. Collectively, these TPRcontaining proteins help to elaborate the versatile nature of the TPR domain that allows recognition of diverse targets to mediate important processes and functions within the cell.
Functional domains of steroid receptor-associated TPR cochaperones
Folding of newly synthesised peptides to functionally mature proteins, such as steroid receptors, is important for cellular homeostasis. This process is actively regulated by Hsp70 and Hsp90 with the cooperation of other factors termed cochaperones in what is known as the Hsp70/Hsp90-based chaperone machinery (Pratt and Toft 2003) . Cochaperones can regulate the nucleotide status, and thus function, of Hsp70 and Hsp90, and deliver nonnative proteins to their respective polypeptide-binding domains for folding. Those cochaperones that regulate Hsp70 include Hsp40, Hsp70-interacting protein (Hip), Hsp-organising protein (Hop) and small glutamine-rich TPR protein (SGT), while Hsp90 is regulated by cochaperones that include Hop, p23, PP5, CyP40, FKBP51 and FKBP52. C-terminal of Hsp70-interacting protein (CHIP) is another cochaperone that regulates both Hsp70 and Hsp90.
Since the crystallisation of the PP5 TPR domain, the structures of several other steroid receptor-associated TPR-containing proteins have been solved. There are now full-length structures available for bovine CyP40, human FKBP52, PP5 and Hop, human and squirrel monkey FKBP51, and mouse CHIP, as well as the structure of the human SGT TPR domain. It is known that TPR domains in these proteins can mediate interactions with Hsp70 and/or Hsp90 (Angeletti et al. 2002; Smith 2004) , but in addition to their Hsprecognition domains, each also possesses other localised functional domains important for their own conformation and/or the regulation of associated proteins.
CyP40, FKBP51 and FKBP52
CyP40 and the two FKBPs have a similar structural arrangement with each possessing an N-terminal binding site for the immunosuppressants cyclosporin A or FK506, respectively, and a C-terminal TPR domain (Taylor et al. 2001; Sinars et al. 2003; Wu et al. 2004) . The cyclophilin domain of CyP40 is similar to other single-domain cyclophilins (Kallen et al. 1998) . In FKBP51 and FKBP52, FK506 binds to the first of two FKBP domains, termed FK1, while the second domain, called FK2, lacks drugbinding activity. Bound immunosuppressants inhibit the peptidyl prolyl isomerase (PPIase) activity of the cyclo-philin and FK1 domains, which may be important for target protein regulation by direct or indirect association.
PP5
PP5 is a phosphatase that dephosphorylates serine and threonine residues on target proteins (Barford 1996; Cohen 1997) . Crystallisation of the full-length phosphatase in the absence of ligands or binding partners revealed the structural organisation of the autoinhibited form of PP5 (Yang et al. 2005) . The TPR domain in PP5 is oriented to the N terminus and is linked to a C-terminal phosphatase catalytic domain followed by a short Cterminal subdomain. In this inactive conformation, the TPR domain engages with the catalytic domain in such a way to restrict target protein access to the enzymatic site, and this structure is stabilised by the C-terminal subdomain. Suppression of catalytic activity can be abolished by an allosteric conformational change that disrupts the TPR-catalytic domain interface, and this can be induced upon binding of polyunsaturated fatty acids or Hsp90 to the TPR domain (Chen and Cohen 1997; Skinner et al. 1997; Ramsey and Chinkers 2002) .
Hop
Hop plays a dual role in mature steroid receptor complex assembly by recruiting Hsp90 to preformed Hsp70-receptor complexes and inhibiting the ATPase of Hsp90 for client loading onto the chaperone for subsequent folding (Chen et al. 1996b; Dittmar et al. 1996; Kosano et al. 1998; Prodromou et al. 1999; Siligardi et al. 2004) . Hop has an N-terminal TPR domain (TPR1) followed by an aspartic acid/proline (DP)-rich region, and two more adjacent TPR domains (TPR2a and TPR2b) followed by a second DP-rich region.
CHIP
The cochaperones described above are involved in maintaining an activatable conformation of Hsp70/Hsp90-dependent 'clients', but TPR proteins also function to mediate the degradation of misfolded proteins, indicating a role in quality control (Cyr et al. 2002) . Selection of proteins for degradation is mediated by E3 ubiquitin ligases, and CHIP is a member of this enzymatic class Murata et al. 2001) . CHIP has an N-terminal TPR domain and a Cterminal U-box domain that mediates its ligase activity, which promotes ubiquitylation of target substrates prior to their degradation by the proteasome.
SGT
Human SGT binds to viral protein U (Vpu) and Group specific Antigen, two proteins associated with human immunodeficiency virus-1, and the rat homologue was Fig. 1 identified as an interactor of the non-structural protein NS-1 of the parvovirus H-1. The central TPR domain in SGT is flanked by an N-terminal dimerisation domain and a Cterminal glutamine-rich domain involved in SGT association with type 1 glucose transporter (Callahan et al. 1998; Cziepluch et al. 1998; Liou and Wang 2005) .
TPR cochaperone regulation of steroid receptor function
Steroid receptor-associated TPR-containing cochaperones play varying roles in regulating hormone activity. These are intimately associated with the assembly of mature steroid receptor complexes, modulation of receptor responsiveness to hormone and degradation. Their functional roles have been extensively discussed in other reviews Pratt et al. 2004; Riggs et al. 2004; Smith 2004; Davies and Sánchez 2005; Golden et al. 2008; Hinds and Sánchez 2008) and as such are only described briefly below.
Regulation of Hsp70 and Hsp90 ATPases
Both Hsp70 and Hsp90 require ATP for their functional association with substrates (Pratt and Toft 2003) . In the case of a steroid receptor, Hip binding to the N-terminal ATPase domain of Hsp70, possibly through a unique TPR binding site located within this region (see below), stabilises the Hsp70-receptor complex (Höhfeld et al. 1995; Frydman and Höhfeld 1997 ) in a step that may be important for recognition by Hop and loading of the receptor onto Hsp90 for further processing. Hop contains three distinct TPR domains (TPR1, TPR2a, TPR2b) ( Fig. 1) , with TPR1 and TPR2a providing anchor points for the C-terminal EEVD peptides of Hsp70 and Hsp90, respectively. These specific interactions, coupled with domain-domain interactions, also involving its TPR domains, allow Hop to play a key role in coordinating the actions of Hsp70 and Hsp90 (Chen et al. 1996b; Prodromou et al. 1999; Scheufler et al. 2000; Odunuga et al. 2003; Carrigan et al. 2006; Ramsey et al. 2009 ). While the TPR acceptor site for Hop in the C-terminal region of Hsp90 serves to anchor the cochaperone, studies have shown that Sti1, the yeast homologue of Hop, markedly inhibits the ATPase activity of yeast Hsp90 through secondary interactions that block the ATP-binding pocket in the Hsp90 N-terminal domain (Prodromou et al. 1999) . By directly competing with Sti1 for binding to Hsp90, the CyP40 yeast homologue Cpr6 can negate the Sti1-mediated blockade of Hsp90 ATPase activity following TPR protein exchange (Prodromou et al. 1999) . In contrast, in vitro studies with human Hop determined that the cochaperone had no influence on the weak basal ATPase activity of human Hsp90, but significantly inhibited the increased rate of ATP hydrolysis by Hsp90 in response to interaction with the ligand-binding domain of the glucocorticoid receptor, an established Hsp90 'client' protein (McLaughlin et al. 2002) . On the other hand, FKBP52, which like CyP40 binds competitively with Hop to the C-terminal TPR interaction site of Hsp90, was shown to enhance Hsp90 ATPase activity stimulated by the glucocorticoid receptor (McLaughlin et al. 2002) . This control over ATP utilisation is important for the functional activity of newly synthesised substrates, but ATPase regulation is also required for the degradation of improperly folded substrates. CHIP can bind Hsp70 and inhibit Hsp40-stimulated Hsp70 ATPase activity, and has been reported to deplete cellular glucocorticoid receptor levels (Ballinger et al. 1999; Connell et al. 2001) . Therefore, CHIP can be regarded as a degradatory cochaperone of Hsp70 and Hsp90. SGT negatively regulates Hsp70 such that the chaperone has a reduced ability to refold denatured luciferase (Angeletti et al. 2002) .
Receptor preferences
Mature steroid receptor-Hsp90 complexes typically contain PP5 or one of three TPR immunophilins: CyP40, FKBP51 or FKBP52 (Smith 2004) . Each of these proteins compete for a common interaction site at the C-terminal end of Hsp90 via their TPR domains (Ratajczak and Carrello 1996; Young et al. 1998; Carrello et al. 1999 ) and at equilibrium one could expect their associations with receptor-Hsp90 complexes to be determined by relative cellular abundance of the cochaperones, regardless of receptor. However, representation of each in any one receptor-Hsp90 complex is disproportionate and may be governed by which receptor is bound to Hsp90, with glucocorticoid receptor preferring to associate with PP5 and FKBP51, progesterone receptor with FKBP51 and estrogen receptor with CyP40 (Ratajczak et al. 1990; Silverstein et al. 1997; Barent et al. 1998) . Several studies have shown association of receptor with a particular immunophilin or PP5 to be functionally relevant in regulating receptor activity (Chen et al. 1996a; Denny et al. 2000; Cheung-Flynn et al. 2005; Tranguch et al. 2005; Yang et al. 2006; Gallo et al. 2007; Yong et al. 2007 ). SGT may also have a preference for particular steroid receptors since it was shown that SGT overexpression selectively reduced the hormone responsiveness of androgen receptor compared to estrogen receptor α (Buchanan et al. 2007 ).
Hormone-binding affinity
Insensitivity to cortisol has been observed in New World primates, and this has been partly attributed to the over-expression of FKBP51 in glucocorticoid receptor complexes lowering receptor affinity for glucocorticoid (Reynolds et al. 1999; Denny et al. 2000; Scammell et al. 2001; Westberry et al. 2006) . Hormone responsiveness of the progesterone receptor was similarly attenuated by FKBP51 overexpression (Hubler et al. 2003) . The inhibitory effect of this cochaperone on the function of glucocorticoid and progesterone receptors was critically dependent on an intact FKBP51 Hsp90-binding TPR domain (Hubler et al. 2003; Denny et al. 2005; Wochnik et al. 2005) . On the other hand, recent studies have shown that increased expression of FKBP51 promotes the assembly of mature androgen receptor-Hsp90 complexes leading to an increased capacity for androgen binding without affecting receptor hormone-binding affinity (Ni et al. 2010) . This regulation of the androgen receptor ligand-binding domain requires the interaction of the FKBP51 TPR domain with Hsp90 (Ni et al. 2010) . In contrast to the negative regulation of glucocorticoid and progesterone receptor function by FKBP51, FKBP52 selectively potentiates the activity of glucocorticoid, progesterone and androgen receptors through a mechanism that is again dependent on its ability to bind Hsp90 through its TPR domain Cheung-Flynn et al. 2005; Tranguch et al. 2005; Yang et al. 2006; Yong et al. 2007 ) overhanging the catalytic site in FK1 of FKBP52 differs from the corresponding sequence in FKBP51 and confers steroid receptor potentiating activity by FKBP52 . A proline substitution for Leu119 in FKBP51 allows the mutated immunophilin to mimic the role of FKBP52. In the two FKBPs, FK1 is linked to FK2 by a seven-to nine-residue loop, which in FKBP52 contains a casein kinase II phosphorylation site that when phosphorylated, blocks FKBP52-Hsp90 interaction (Miyata et al. 1997) . A comparative analysis of the dissimilar loop sequences in FKBP51 and FKBP52 failed to explain the differential influences of these immunophilins on steroid receptor activity, but phosphorylation of the FKBP52 linker was shown to abrogate receptor potentiation ).
Dynein binding and receptor nucleocytoplasmic trafficking
Dynein is an important microtubule-associated motor protein that facilitates movement of the glucocorticoid receptor to the nucleus from the cytoplasm. CyP40, FKBP52 and PP5 have been reported to bind dynein, and in FKBP52 this interaction has been localised to the PPIase domain, but is independent of PPIase activity (Galigniana et al. 2001; Davies et al. 2002; Galigniana et al. 2002) . The steroid receptor repertoire that is regulated by this FKBP52-mediated translocation has been further expanded to include the mineralocorticoid receptor (Gallo et al. 2007; Galigniana et al. 2010) . The above studies have investigated the role of TPR cochaperones in hormoneinduced movement of steroid receptors, but a recent study has shown TPR cochaperones to be selectively involved in the localisation of hormone-free glucocorticoid and progesterone receptors, and that localisation is mediated by the receptor ligand-binding domain (Banerjee et al. 2008) . Figure 2a , b provides a structural comparison between CyP40, FKBP51 and FKBP52, immunophilin cochaperones characterised by N-terminal PPIase and C-terminal TPR protein interaction domains.
HSP interaction determinants in TPR cochaperones
Deletion studies were the first to demonstrate that TPR domains mediated binding to Hsp90 (Radanyi et al. 1994; Chen et al. 1996a; Ratajczak and Carrello 1996; Barent et al. 1998) . Determination of the TPR domain structure of PP5 revealed the packing of adjacent TPR units generated an exposed groove capable of accepting a target protein peptide (Das et al. 1998) . Although TPR motifs are highly degenerate, they do display a consistent pattern of key residues important for structural integrity. The two α-helical sub-domains in each TPR motif are arranged such that the groove is mainly composed of residues from the A helix of each repeat, while B helix residues are buried to form the structural backbone of the superhelix, and this groove forms a critical Hsp recognition surface.
In a PP5 mutagenesis study, Russell and co-workers carefully selected A helix residues with side chains extended into the groove and identified four basic residues important for PP5-Hsp90 interaction (Russell et al. 1999) . These amino acids are highly conserved in other Hsp90-binding TPR proteins, and mutation of aligned residues in CyP40 confirmed their importance in Hsp90 recognition (Ward et al. 2002) . The key recognition sequence for the TPR domain in these proteins is the EEVD peptide located at the extreme C terminus of Hsp90 Young et al. 1998; Carrello et al. 1999) , which is conserved in Hsp70. Crystallisation of individual Hop TPR domains with Hsp70 and Hsp90 N-terminally extended EEVD peptides has defined the mechanism of TPR domainpeptide interaction (Scheufler et al. 2000) . The TPR1 domain of Hop binds to Hsp70, while the TPR2a domain mediates Hsp90 recognition (Chen et al. 1996b; Lassle et al. 1997) . The groove in each TPR domain accommodates their respective peptide in an extended conformation where the ultimate aspartate residue is tightly held by electrostatic interactions with TPR residue side chains in a twocarboxylate clamp. Additional EEVD contacts involve hydrogen bonding, while amino acids upstream of the EEVD enhance the affinity of the peptides for TPR domains and mediate specificity of Hsp70 and Hsp90 to TPR1 and TPR2a, respectively. Notably, Hop TPR2a provides an example of where an additional sequence within the TPR domain does not disrupt the overall structure. TPR2a contains an insertion between units 2 and 3 that extends the helices by a single turn but does not impact Hsp90 peptide recognition (Scheufler et al. 2000) .
The Hsp90 dimerisation domain, located in the Cterminal region upstream of the MEEVD peptide, contributes to TPR cochaperone recognition (Chen et al. 1996b) and contains the putative binding site for novobiocin, a coumarin-based Hsp90 inhibitor (Marcu et al. 2000) . In vitro studies demonstrated that novobiocin had a differential effect on Hsp90-immunophilin cochaperone interaction, suggesting that the TPR cochaperones modulate Hsp90 function through distinct contacts within the Hsp90 C-terminal domain .
Although EEVD interactions with the TPR domain groove are critical for Hsp binding, regions outside of the TPR domains are also important in mediating recognition. TPR domains are typically followed by a seventh α-helix that packs against and extends beyond the TPR domain and has been shown to be involved in binding Hsp90 in addition to the TPR domain. FKBP51 and FKBP52 have different affinities for Hsp90 and are assembled differentially with specific receptor complexes, and these differences map in part to sequences C-terminal of their respective TPR domains (Barent et al. 1998; Pirkl and Buchner 2001; Cheung-Flynn et al. 2003) . The charge-Y motif was identified and found to be essential for FKBPHsp90 interaction, which was also confirmed for CyP40, but sequences further downstream in FKBP51 and FKBP52 differentially regulated Hsp90 binding (Ratajczak and Carrello 1996; Cheung-Flynn et al. 2003; Allan et al. 2006) . The acidic linker flanking the N terminus of the CyP40 TPR domain was also shown to be important for efficient interaction (Ratajczak and Carrello 1996; . Although an interaction partner for Hop TPR2b has yet to be identified, mutations in TPR2b reduced Hop interaction with both Hsp70 and Hsp90, while mutations in the C-terminal DP-rich region inhibited Hop binding to Hsp70 Nelson et al. 2003) .
Interestingly, the charge-Y motif in FKBP52 and CyP40 overlaps a calmodulin consensus sequence. Indeed, early studies provided evidence of Ca 2+ -dependent calmodulin interaction with both immunophilins prompting suggestions of a regulatory role for Ca 2+ /calmodulin in FKBP52 and CyP40 function (Callebaut et al. 1992; Massol et al. 1992; Ratajczak et al. 1995 ). More recent data, which showed that GST-fusion proteins incorporating the putative calmodulinbinding domains failed to retain calmodulin, run counter to this proposal Shimamoto et al. 2010 ). However, it has been shown that S100A1 and S100A2, belonging to a subfamily of the EF-hand type calcium-sensing proteins (Donato 1999) , form Ca 2+ -sensitive interactions with the TPR domains of FKBP52 and CyP40 resulting in a competitive inhibition of Hsp90 binding (Shimamoto et al. 2010) . S100 proteins, then, may function as regulators of Hsp90-TPR protein chaperone machinery.
Alternative HSP recognition by TPR cochaperones
Like Hop, CHIP binds to both Hsp70 and Hsp90 (Ballinger et al. 1999; Connell et al. 2001 ), but CHIP interacts with either of these major chaperones through a single TPR domain. Recent elucidation of the binding of Hsp90 Cterminal peptide (NH 2 -DDTSRMEEVD) with the CHIP TPR domain has revealed that the peptide sequence is not accommodated in an extended conformation as for Hop, but turns at the methionine residue and becomes buried within a hydrophobic pocket (Zhang et al. 2005 ). This pocket can accommodate either the methionine or isoleucine that lies immediately upstream of the EEVD sequence in Hsp90 and Hsp70, respectively, and the peptide is twisted, negating the role of upstream residues in conferring the same specificity seen in binding Hop TPR domains. SGT also recognises Hsp70 and Hsp90 via its single TPR domain, but possibly through a different mechanism to that described for CHIP as SGT lacks the residues that form the hydrophobic pocket which allows the respective C-terminal peptides in the chaperones to twist (Dutta and Tan 2008) .
Hydrophobic pockets themselves may also be important structural features within TPR domains that confer Hsp specificity, as the crystal structure of Hop TPR2a with the non-cognate Hsp70 peptide shows the hydrophobic pocket to be less accommodating for the Ile (-5) residue in the extended Hsp70 peptide than Met (-5) in the extended Hsp90 peptide, with the notable feature of a lack of bending by the Hsp70 peptide, such as with CHIP, to perhaps enhance affinity for TPR2A (Kajander et al. 2009 ).
GCUNC-45 is a TPR protein that positively regulates progesterone receptor function (Chadli et al. 2006 ). Hsp90-binding experiments in the presence of Hop revealed a novel GCUNC-45 TPR recognition site in the N-terminal domain of Hsp90, which also bound FKBP52 (Chadli et al. 2008) . Further analysis defined a non-contiguous EEVD-like motif, centred in and around the Hsp90 N-terminal ATP-binding pocket, arranged in a structural conformation that can recognise TPR domains. Nucleotide binding negatively regulates the interaction. These authors also alluded to CyP40 binding to the N-terminal interaction motif, although Onuoha and co-workers have recently confirmed CyP40 interaction only with the C-terminal domain of Hsp90 (Onuoha et al. 2008 ). An EEVD-like motif interaction with a TPR domain has also been described for androgen receptor recognition by SGT, where binding is mediated by the first two TPR motifs of the SGT TPR domain and the hinge region located between the DNA-binding and ligand-binding domains in the receptor (Buchanan et al. 2007 ).
Hip has similarly been reported to bind the Hsp70 Nterminal ATPase domain via its TPR domain (Höhfeld et al. 1995) . Through this interaction, Hip, originally identified in progesterone receptor complex assembly (Smith 1993; Prapapanich et al. 1996) , can stabilise substrate-Hsp70 binding and competitively counteract the destabilising effects of the non-TPR cochaperone BAG1 (Gebauer et al. 1997; Höhfeld and Jentsch 1997; Takayama et al. 1997; Bimston et al. 1998) . The Hip-Hsp70 interaction also allows for the simultaneous association of Hip with Hsp70-Hop complexes (Prapapanich et al. 1996; Gebauer et al. 1997) . By analogy with the mode of GCUNC-45 interaction with Hsp90, there is the possibility that Hip targets a similar TPR recognition site in the N-terminal region of Hsp70. However, Hip is unique among the steroid receptorassociated TPR proteins in terms of Hsp recognition in that it binds Hsp70 independently of EEVD interactions (Höhfeld et al. 1995) , and that efficient binding may be due to a greater requirement for additional Hsp-interaction determinants, such as the adjacent highly charged region and a C-terminal DP-repeat domain (Prapapanich et al. 1998) . It is possible the mechanism of Hsp70 recognition by Hip is utilised by other steroid-receptor TPR cochaperones to interact with binding partners in distinct cellular pathways. Dutta and Tan (2008) reported the SGT TPR domain is sufficient to bind Vpu and identified the sequence 31 KILRQ 35 in Vpu as being important for this interaction.
Other targets of CyP40, FKBP51, FKBP52 and PP5
-CyP40
c-Myb is a transcription factor involved in haematopoiesis that is regulated by association of its N-terminal DNA-binding region with its C-terminal negative regulatory domain (Mucenski et al. 1991; Dash et al. 1996; Ness 1996) . CyP40 inhibited DNA binding of c-Myb, and this inhibition required both the N-terminal PPIase and C-terminal TPR domains in CyP40 (Leverson and Ness 1998) . The effect of CyP40 is mediated through a direct interaction of the TPR domain with the c-Myb DNA-binding domain and was negated by cyclosporin A, suggesting a role for CyP40 PPIase function in c-Myb regulation. The c-Myb oncogenic derivative v-Myb possesses a mutated CyP40-binding site that abrogated CyP40 interaction and thus its activity was not inhibited, suggesting v-Myb is able to evade a negative regulatory mechanism mediated by CyP40, implicating CyP40 in the regulation of transcription, transformation and differentiation.
-FKBP51
In response to artery injury, TNFα is released with subsequent activation of the IKK kinase complex. This activated complex then phosphorylates IκB, resulting in its degradation and the release, translocation and activation of the NF-κB transcription factor (Shishodia and Aggarwal 2002) . The PPIase activity of FKBP51 is important for the function of IKK by regulation of the complex's α-subunit (Bouwmeester et al. 2004) . In vascular smooth muscle cells, rapamycin was shown to inhibit TNFα-induced NF-κB activity by abrogating FKBP51 PPIase activity and thus IKK-dependent effects on NF-κB signalling (Giordano et al. 2006 ).
-FKBP52
FKBP52 has been reported to have a similar effect on transcriptional regulation as that described for CyP40. FKBP52 was found to bind a proline-rich region in interferon regulatory factor-4 (IRF-4) via its TPR domain, while FKBP52 PPIase activity induced a structural modification in IRF-4 that resulted in impaired DNA binding and transcriptional activation (Mamane et al. 2000) .
The phosphorylation status of FKBP52 may play an important role in the expression of viral vectors. Tyrosine dephosphorylation of FKBP52 by T-cell protein tyrosine phosphatase and serine/threonine dephosphorylation by PP5 has been reported to alleviate phosphorylated FKBP52-mediated inhibition of the expression of an adeno-associated virus (AAV) genome which is used for transgene expression in human gene therapy (Qing et al. 2001; Zhao et al. 2007 ).
-PP5
Cell homeostasis requires a delicate balance of phosphorylating and dephosphorylating events. PP5 is a regulator of a wide range of cellular functions by virtue of its TPRmediated interaction interface, phosphatase activity and presence in nearly all mammalian tissues. Numerous studies have demonstrated a role for PP5 in processes such as proliferation, differentiation and DNA damage repair through association with transcription factors and involvement in a multitude of phosphorylation cascades. The reader is referred to more extensive reviews of PP5 and its biological functions (Golden et al. 2008; Hinds and Sánchez 2008) .
Although the list of reported targets other than Hsp90 for the TPR immunophilins is limited, the unique interaction between the Hip TPR domain and Hsp70 and the current lack of a mechanistic basis for this interaction raises the possibility of alternative target recognition patterns. This is certainly the case for TPR proteins involved in host defence via NADPH oxidase and the localisation of peroxisomal enzymes. Elucidation of crystal structures revealed TPR domain insertions can form structures other than α-helices and be involved in binding to associated proteins and that the TPR domain itself can exist in a conformation other than a right-handed helix. p67 phox NADPH oxidase is a membrane-associated enzyme complex that generates reactive oxygen species, forming the primary defence mechanism protecting against microbial infection. In resting neutrophils, the NADPH oxidase component p67 phox acts as a connector between p40 phox and p47 phox in a cytosolic trimeric complex. Stimulation of neutrophils leads to conformational changes in the trimeric complex and phosphorylation of the components. This is followed by translocation to and association with the membrane-bound cytochrome b 558 , which is composed of p22 phox and gp91 phox , and the active GTPase Rac (Sumimoto et al. 2005) .
Rac recognition by p67 phox is crucial for the assembly and activation of NADPH oxidase (Abo et al. 1991; Knaus et al. 1991; Diekmann et al. 1994) , and the Rac-binding site is located in the N-terminal TPR domain of p67 phox (Diekmann et al. 1994; Ahmed et al. 1998; Han et al. 1998; Koga et al. 1999) . Two crystal structures for the TPR domain in p67 phox have been determined, one for an inactive p67 phox in complex with Rac and a slightly longer active form of p67 phox lacking Rac (Lapouge et al. 2000; Grizot et al. 2001) . The N-terminal domain in each structure is very similar, suggesting the binding of Rac does not require or induce structural rearrangements within the TPR domain (Grizot et al. 2001) . The TPR domain of p67 phox has four TPR motifs (Ponting 1996) arranged in a similar manner to that seen in Hsp-binding TPR domains (Smith 2004) . TPR4 is followed by another helix that packs against TPR4, forming into a nine helical bundle that exhibits a right-handed superhelical twist with a binding groove, which accommodates an 18-residue loop that lies downstream of the final helix (Fig. 2c) . Between TPR3 and TPR4, there is a 20 amino acid insertion that forms two short anti-parallel β-strands. This is a notable feature for two reasons. Firstly, it does not disrupt the superhelical structure of the TPR domain by aligning along one edge of the TPR bundle, and secondly, this β-hairpin insertion forms part of the Rac-binding site along with the loops that link TPR1-TPR3 (Lapouge et al. 2000; Grizot et al. 2001 ). This alternative mode of recognition provides evidence that precludes the groove formed by the superhelix as a general target-binding interface.
The role of this β-hairpin insertion in Rac recognition may be to enhance the affinity of p67 phox for the GTPase. Rac is a positive regulator of thyroid hormone-dependent KCNH2 potassium channel stimulation (Storey et al. 2002) , and Gentile and co-workers have recently shown that PP5 is important for binding Rac and mediating its signalling (Gentile et al. 2006) . Modelling comparisons of the TPR domain of PP5 and the first three TPR motifs of p67 phox revealed a similar domain structure and aided in identifying two key contact lysines in PP5 critical for Rac recognition. In the autoinhibited form of PP5 (Yang et al. 2005) , these lysines locate to the opposite side of the TPR domaincatalytic site interface and are thus accessible for Rac binding. It is interesting that PP5 can bind Rac since the TPR domain of the phosphatase lacks the β-hairpin important for p67 phox recognition of Rac. This suggests the β-hairpin functions as a secondary interaction site for Rac in p67 phox and enhances the affinity for the GTPase. It also raises the possibility of other TPR-containing proteins binding Rac and mediating Rac signalling. Alternatively, Rac itself may adopt a different mode of binding with PP5. Recent studies have confirmed a role for the PP5 TPR domain in specific and direct interaction with Rac, allowing Rac control over PP5 phosphatase activity and localisation to the cellular membrane (Chatterjee et al. 2010) .
Another interesting feature of p67 phox and PP5 is the involvement of their TPR regions in intramolecular interactions. As stated earlier, the PP5 TPR domain engages with the enymatic site to curb target protein binding for dephosphorylation. A recent report has shown p67 phox to exist as a multi-domain protein with flexibility between each domain, with results suggesting an intramolecular interaction may exist between the TPR region and the Nterminal SH3 domain in p67 phox which masks a C-terminal phosphorylation site in the full-length p67 phox (Dang et al. 2003; Durand et al. 2010) . However, it is not known if the TPR domain itself or the region encompassing residues 155-199 is the actual region for the intramolecular interaction in p67 phox (Dang et al. 2003) . It is possible that, although Rac does not induce TPR domain rearrangements in p67phox upon binding, there may be a degree of relaxation in this intramolecular interaction following Rac interaction that can expose the C-terminal phosphorylation site.
PEX5/Pex5p
PEX5 is a seven TPR unit-containing receptor that functions to translocate newly synthesised and sometimes functional peroxisomal enzymes to their correct subcellular compartments within the peroxisomal matrix. Via its Cterminal TPR domain, PEX5 recognises protein targets displaying an accessible C-terminal signal peptide, -SKL or conserved variants thereof, also called the type 1 peroxisomal targeting signal (PTS1) motif. The N-terminal part of PEX5 hosts most of the interaction sites for other peroxins that are important for docking of the target-bound receptor at the peroxisomal membrane and subsequent translocation and recycling events, supporting a model for the involvement of PEX5 in all the major steps of target translocation through the formation of multi-protein complexes. This region of PEX5 may also function to import PEX5-dependent targets by a PTS1-independent mechanism (Brocard and Hartig 2006; Stanley et al. 2007) .
Although reports of TPR crystal structures show the TPR units to pack in tandem clusters, forming a single domain, two reports of the TPR domain of PEX5 show two TPR clusters derived from TPR motifs 1-3 to 5-7 arranged into a ring-like structure with the non-canonical TPR4 acting as a bridge between the two clusters, allowing them to form a single binding site (Gatto et al. 2000; (Fig. 2d) . TPR7 is followed by a '7C-loop', which in turn links to a C-terminal helical bundle that may act as a secondary binding site to the TPR domain and perform a peroxisomal protein sorting role .
Determination of the PEX5 receptor structure in complex with a pentapeptide containing a canonical PTS1 has revealed not only an alternative TPR domain conformation but also a novel mode of TPR recognition (Gatto et al. 2000) . The TPR cluster derived from TPRs 5 to 7 interacted with the backbone of the peptide similar to the interaction between Hop and -EEVD peptides (Scheufler et al. 2000) . Recognition of the peptide by the N-terminal TPR cluster, derived from TPRs 1 to 3, is performed by the intra-repeat loops that face the ligand interface in the C-terminal TPR cluster, thus the peptide is completely encompassed by the ring-like TPR domain (Gatto et al. 2000) . A closer structural investigation of Trypanosoma brucei Pex5 indicated recognition of the Cterminal leucine of the PTS1 motif is specific and conserved, and other interaction points occur between the PTS1 peptide main chain and up to five invariant asparagine side chains in the receptor (Sampathkumar et al. 2008) .
The conformation of the PEX5 receptor when bound to either a PTS1-containing peptide or a full-length binding partner, such as sterol carrier protein 2 (SCP2), is similar, but analysis of the ligand-free receptor has revealed that structural changes occur within the TPR domain of the receptor which are induced by ligand binding, indicating the PTS1 signal is sufficient to induce this conformational transition. In the presence of a target, the conformation of the TPR domain changes from an 'open' to a 'closed' structure with the 7C-loop, which has a role in target recognition, associating with TPR1 and establishing the closed conformation . A partially resolved structure for TPR4 suggested that it might form a continuous helix rather than the usual TPR fold, and this segment was originally thought to act as a hinge allowing the two TPR clusters to form the target binding site (Gatto et al. 2000) . The recent molecular structure of the PEX5/ SCP2 complex has questioned this role for TPR4 and suggested that the closing of the TPR domain upon SCP2 binding is a result of folding changes in TPRs 5 and 6 .
Despite the unique conformation of the TPR domain in PEX5, the non-canonical structure and flexible nature of the TPR motif is not novel. Kumar and co-workers described the structure of the first TPR cluster in the T. brucei PEX5 homologue to have an alternative fold for the TPR3 helix (Kumar et al. 2001) . Rather than forming the typical antiparallel hairpin, the motif has 'sprung out' to form an extended continuous helix, which was also reported for TPR2 of the tetragonal crystal form of CyP40 (Taylor et al. 2001 ). An independent study has provided evidence that the tetragonal crystal form of CyP40 may not exist in solution and that it more likely adopts the monoclinic form where each TPR unit forms the hairpin (Taylor et al. 2001; Onuoha et al. 2008) , but this does not rule out the fact that continuous helical structures from the same polypeptide can exist in different conformations. Mouse CHIP was reported to exist as a dimer with the two monomers having different conformations. In the elongated monomer, the seventh helix that follows the TPR domain is a straight~50 residue helix, while this helix in the compact monomer is broken into two perpendicular helices of equivalent length joined by a short loop, with these two distinct regions forming part of the dimer interface (Zhang et al. 2005 ). However, this may simply represent a snap shot in time in the life of the CHIP protein, with the suggestion that this flexible region in both monomers in human CHIP may be continuously alternating between folded and extended helices in solution (Graf et al. 2010) . This rearrangement of the helix that packs against and then extends beyond the third TPR motif may be more pronounced for FKBP51 with influences on Hsp90 interaction. Analysis of residues downstream of the charge-Y motif in FKBP51 and FKBP52 revealed this segment to enhance and moderate their interaction with Hsp90, respectively . The authors proposed these differences may be due to a fold-back or 'jack-knife' (Kumar et al. 2001 ) rearrangement of the final helix in FKBP51 to become part of the core TPR domain. It is possible an initial association with Hsp90 may induce the conformational change in the helix, enhancing FKBP51 interaction with the chaperone, but this alteration is not induced in FKBP52. It has been suggested that TPR motifs that are able to extend and fold back may lack a residue with an α L conformation in intra-TPR helix loops, which may allow for alternative TPR motif arrangements (Sampathkumar et al. 2008) .
The functional role of the TPR domain in PEX5 appears to exclude an important docking event in the peroxisomal protein translocation process, with the TPR domain being reported to have no role in recognition of the peroxisome membrane-associated protein Pex14 (Gatto et al. 2000; . This is further supported by an extended, partially unfolded Pex5 N-terminal region being retained upon cargo binding and Pex14 interaction compared to the free receptor, where Pex14 binds the N terminus of Pex5 (Shiozawa et al. 2009 ). However, this does not exclude the possibility of the Pex5 TPR domain still acting as a scaffold for other translocation machinery components at the membrane once the receptor has bound to Pex14 (Gatto et al. 2000) .
Conclusions
The TPR motif is a helical structural unit that, when packed in tandem with additional TPR units, plays a role in protein-protein interactions leading to the formation of multi-protein complexes eliciting varying biological roles. Although accommodation of a target peptide into a channel formed by a TPR domain is a well-defined mode of interaction, it is however not the only mode of target recognition by a TPR domain, which not only expands the plethora of TPR domain-interacting partners but also the cellular processes TPR domains are involved in, including processes linked to disease. Studies have identified mutations within PEX5 TPR motifs in some patients diagnosed with peroxisomal biogenesis disorder (Carvalho et al. 2007; Ebberink et al. 2009 ), and it would be interesting to see if TPR domain mutations are implicated in steroid-based disease and host defence.
The multiple TPR cochaperones of the Hsp70/Hsp90 molecular chaperone system, together with p67 phox and PEX5, have served to illustrate the diverse activities mediated by TPR proteins with a varied number of tandem TPR structural motifs. Much of the focus of this review has centred on the regulation of steroid receptor function by TPR cochaperones within receptor-Hsp90 complexes. While steroid receptors are the best characterised Hsp90 client proteins, there is increasing recognition that the TPR cochaperones may also play important roles in pathways associated with other Hsp90 substrates. For example, CyP40 has recently been reported to regulate microRNA activity in plants, possibly by chaperoning Argonaute 1 (Smith et al. 2009 ). The observed functional dependence of the mammalian counterpart, Argonaute 2, on Hsp90 provides an avenue for regulatory control of ArgonauteHsp90 complexes by CyP40 and other TPR cochaperones (Maniataki and Mourelatos 2005; Pare et al. 2009 ).
The apparent specificity of EEVD peptide binding to the TPR pocket of HSP70/Hsp90 cochaperones offers the potential for molecular therapies targeting individual TPR cochaperones. In the case of the immunophilins, CyP40, FKBP51 and FKBP52, there is the prospect of cyclosporin A and FK506 modulation of Hsp90 client protein function in clinically relevant pathways, including the inhibition of androgen receptor-dependent signalling in prostate cancer (Periyasamy et al. 2010) . In this regard, the use of small molecules tailored to block the immunophilin drug-binding pocket without immunosuppressive effects appears particularly attractive.
Further structural studies are required to enhance our understanding of how TPR cochaperones regulate Hsp70/ Hsp90 function at the molecular level. There is now compelling evidence that structural features within Hsp70, Hsp90 and Hop, lying outside of the critical EEVD peptide motifs and TPR domains, contribute significantly to functionally relevant protein-protein interactions. Threedimensional structures derived from the assembly of fulllength proteins for Hop with both Hsp70 and Hsp90 are likely to reveal the core elements involved in the coordinate control by Hop of Hsp70 and Hsp90 function.
